Carbon spheres (CSs) can be synthesized easily by hydrothermal method using various solutions and a lot of mechanisms have been employed to explain their formation. In our work, some special phenomena such as the uniform size and surface corruption have been found as the reaction time increased. However, less attention has been focused on the detailed evolution phenomena of CSs. In order to understand these special phenomena well, classical nucleation theory was employed to study the reaction dynamics of CSs during the evolution processes. This work not only deeply reveals the evolution mechanism of CSs, but also opens a possible way for the control of size and morphologies of CSs through hydrothermal methods.
Introduction
Spherical carbon materials have received a great deal of interest in recent years for their unique physical and chemical properties such as controllable sizes, morphology, good adsorption performance, minimal surface energies, and mechanical properties [1] [2] [3] [4] [5] [6] . Because of the advantages of carbon materials with microsizes, CSs are used in several applications such as lithium batteries [7] [8] [9] [10] , catalyst support [11] [12] [13] [14] , and and drug delivery [15] [16] [17] [18] . Different methods have been used to synthesize carbon spheres such as the templating method [19, 20] , pyrolysis of carbon sources [21, 22] , chemical vapor disposition [23, 24] , and hydrothermal methods [25, 26] . Due to the economic, efficient, and "green" properties of hydrothermal method, CSs synthesized by this method have gained great interest recently [27] . Through hydrothermal method, controllable shape and size of CSs can be easily obtained in solution conditions [28] . The formation mechanisms of CSs in solution conditions have been studied by a lot of researches. However, controversies still exist in the growth process of CSs.
In this work, a series of experiments are conducted to study the mechanism behind the changes in the morphologies and size of CSs by hydrothermal method. In our experiment, with respect to the reaction time and the special morphologies of CSs, the evolution of CSs was divided into four stages: nucleation, carbonization, isokinetic growth, and corruption. As expected, significant size changes and surface corruption are observed during the growth of CSs. In order to understand the growth process of CSs in solutions well, classical nucleation theory [29] , the solution free energy, and the Gibbs free energy of CSs are employed.
Experiment
The CSs were fabricated via hydrothermal method by reacting poly(vinylpyrrolidone) (PVP-K30, MW = 30,000) with ethylene glycol (EG, 99%) in the presence of undiluted hydrochloric acid (HCl, 36%∼38%). Firstly, a 15 mL EG solution with 0.2 g of PVP was prepared. Then, drop by drop, 5 mL of HCl was added to this mixture. The mixed PVP/EG/HCl solution was further stirred for several minutes until it became uniform. In the typical synthesis, all the solutions were under constant stirring. This solution was then transferred into a 25 mL Teflon-lined autoclave tube and autoclaved in the drying tunnel at 160 ∘ C for 5-22 h. After reaction, the solution was cooled down to room temperature. The black precipitate was collected and sequentially washed with deionized water. Then, the precipitate was dried at 80 ∘ C for 6 h. Finally, brown solid samples (CSs) were obtained. Elemental analysis (C, H, and O) of the samples was carried out on an EA 3000 analyzer (EuroVector, Milan, Italy). Scanning electron microscope (SEM) (FEI Quanta 200F, Hillsboro, OR, USA) was used to characterize the morphologies and size distributions of the samples.
Results and Discussion
A new reaction system with low reaction rate (duration about 22 hours in total) is adopted, which is better to show the details of reaction process in our study. In order to determine the reaction products, elemental analysis was carried out. The major content of brown solid samples obtained in our experiment is carbon. The composition of the CSs obtained after 6 h of reaction time is shown in Table 1 . It can be seen from Table 1 that the carbon content in CSs from our experiment is very high with a yield of 80%. Table 2 shows the carbon content of CSs prepared using the traditional hydrothermal method with glucose as a carbon source which has a yield of about 67% [30] . Compared to the traditional way, the new reaction system provides a more efficient way for obtaining CSs with higher carbonization.
With reaction time as a control parameter, four types of reaction products have been observed in our experiments, as shown in Figure 1 . At the reaction time of 5 h, a lot of small particles (diameter is nearly 100 nm) are agglomerated together, which can be clearly observed in Figure 1(a) . After 6 h, particles with regular spherical shape and smooth surfaces are formed. Of particular interest, these particles have different diameters. The diameters range from 150 nm to 1.4 m. As the reaction proceeds further to the duration of 9 h, all of the spheres have very similar morphology and particle sizes (about 2.7 m), as shown in Figure 1 (c). The ultrasimilar particle size and smooth surface of these particles were maintained for 13 hours. After the whole reaction time of around 22 h, abnormal corruption occurs on the surface of some spheres as shown in Figure 1(d) . In this stage, the size of CSs is relatively uniform and the average diameter of the spheres is 3.8 m. However, many crater-shaped holes are formed on the particle surface which make it look as rough as the lunar surface. In addition, some irregular particles are formed around the larger and regular sphere particles.
Obviously, CSs exhibit various morphologies during their evolution process. According to the four types of reaction products, the growth of CSs was divided into four stages: nucleation, carbonization, isokinetic growth, and corruption.
Based on the classical nucleation theory, the nucleation of CSs is mainly attributed to the solution free energy and the Gibbs free energy of CSs. The changes of these two types of energy determine the development of CSs' growth process. In detail, the free energy of the solution is given by the following expression [31] :
where Δ is the solution free energy, Δ 0 is the standard Gibbs free energy, is gas constant, is the temperature, and is response entropy. is proportional to the solution concentration. From (1), we know that Δ decreases with decrease in solution concentration. The relationship between the Gibbs free energy of CSs and the radius of CSs is given by the equation [32] 
where Δ is the work of formation of CSs, is the radius of CSs, is the interfacial tension, and 1 is the critical nucleus radius of CSs. Inferred from (2), as the CSs grow in size, Δ increases at first and then starts to decrease. Therefore, the detailed evolution process of CSs can be well understood by the energy changes in the CSs and the solution. Schematic diagrams and SEM images of the four stages of the evolution process of CSs are given in Figures 2  and 3 , respectively. At the initial stage, PVP in the solution is decomposed into polyaromatic hydrocarbons (PAHs) which are the precursors of carbon nuclei under high temperature and high pressure, as shown in Figures 2(a) and 2(b) [27] . Figure 3(a) shows the SEM image corresponding to the initial stage. In this stage, the concentration of PAHs is very high and the size of the nuclei is very small, resulting in high Δ and low Δ . Δ greatly exceeds Δ which leads to fast and constant nucleation. Thereafter, the aggregated nuclei are oxidized into amorphous carbon. As the reaction proceeds to the second stage, the size distribution of CSs is wide, as shown in Figures 2(c) and 3(b) . Subsequently, all the CSs keep growing and gradually the sizes of CSs become uniform after 3 hours as shown in Figures 2(d) and 3(c) . The exhibition of different particle sizes of CSs can be explained by the different nuclei time of the CSs. However, the abnormal uniform sizes of CSs cannot be well understood by the common sense. Since the change in size of CSs is also based on their Gibbs free energy and solution free energy, the size changes of CSs in this stage can also be analyzed by the changes of Δ and Δ .
Based on (1) and (2), it is clear that the energy gap between Δ and Δ of bigger CSs is lower than that of smaller CSs. This indicates that the growth rates of CSs with small particle sizes are much higher than those of the big ones. Thus, small CSs grow faster than the big ones in the solution. Eventually, all the CSs reach a similar size. After a very long reaction time (14 grow larger. Δ and Δ nearly reach equilibrium during this stage. Thus, the growth of the CSs is very minimal and the average diameter of CSs only slightly increases during this stage. Meanwhile, the energy fluctuation [33] in the solution becomes the most important parameter when the energy of CSs and solution reaches equilibrium. The energy fluctuation can lead to both the absorption and desorption of carbon atoms on the surface of CSs. Carbon atoms dissolved from CSs can reform CSs, which are observed in Figure 3(d) .
Therefore, surface corruption has been found on some CSs and there are a lot of irregular carbon residues around the CSs.
Through the above analysis, we found that the evolution of CSs depends on the solution free energy and the Gibbs free energy of CSs which significantly changed with the reaction time. The energy fluctuation of solution can also have a great influence on the morphologies of CSs when the energy of CSs and solution reaches equilibrium. Therefore, the size distribution of CSs can be controlled by simply tuning the reaction time. Furthermore, CSs with porous surfaces can also be easily obtained by extending the reaction time.
Conclusions
In summary, the mechanism of the evolution process of CSs has been studied through hydrothermal method. The CSs growth process was divided into four stages (nucleation, carbonization, isokinetic growth, and corruption) to understand the formation of CSs well. Based on the nuclei theory, the changes of the size distribution and the surface morphology of the CSs have been well explained. This work not only provides deep insight into the growth mechanism of CSs, but also offers a possible way for the size and surface morphology control of CSs.
